Congenital sensorineural hearing loss is one of the most common health concerns, and affects 11% of children. Background and ObjectivesZZChildren with unilateral sensorineural hearing loss (USNHL) are not actively evaluated by physicians. The diagnostic tool for evaluation of USNHL is also controversial, and no strategy for diagnosing USNHL through imaging studies has been established. We examined the results of temporal bone computed tomography (TBCT) imaging and magnetic resonance imaging (MRI) studies on children with USNHL. Subjects and MethodZZEighty-nine patients with USNHL were reviewed. Of these patients, 21 underwent both TBCT and MRI, 51 underwent temporal MRI only, and 17 underwent TBCT only.
mal hearing. 6) A meta-analysis of children with unilateral hearing loss revealed them to have lower full-scale and performance intelligence quotient scores than children with normal hearing. 7) Thus far, the importance of USNHL has remained uncertain, and the management of patients with USNHL is controversial. 8) Children with USNHL are not actively evaluated by physicians, and therefore little is known about the potential of imaging studies in determining the etiology of USNHL in children. The diagnostic tool for evaluation of USNHL is also controversial, and no strategy for diagnosing USNHL through imaging studies has been established. Therefore, in this study, we investigated the results of temporal bone computed tomography (TBCT) imaging and magnetic resonance imaging (MRI) studies and the usefulness of imaging studies in assessing children with USNHL.
Subjects and Method Subjects
We retrospectively reviewed the medical records of children under the age of 18 years who visited our tertiary referral otolaryngology department for unilateral hearing loss during the period of August 2007 to October 2015. Inclusion criteria were as follows: 1) Patients aged 18 years or younger with USNHL, 2) unilateral hearing thresholds worse than 25 dB with no air-bone gap (＜10 dB), 3) contralateral normal hearing threshold better than 20 dB, 4) having undergone TBCT or temporal MRI. A total of 89 patients (52 boys and 37 girls, mean age 10.9±4.5 years) with USNHL were included in this study. The demographics of the patients are shown in Table 1 . This study was approved by the Institutional Review Board (IRB No. 2017-04-004) of Soonchunhyang University.
Measurement of hearing threshold
In the three children who were younger than 3 years, the auditory brainstem response (ABR) was measured using a GSI Audera (MKS Medic, Madison, WI, USA). For ABR testing, a click stimulus was presented at alternate polarities, using earphones. The lowest intensity at which wave V was recorded was marked as the patient's hearing threshold (nHL). In the 86 children who were older than 3 years, the hearing level was measured using pure tone audiometry to determine the average hearing thresholds. Hearing loss was evaluated based on the average of pure tone audiogram results at 500, 1000, 2000, and 4000 Hz.
Imaging studies
The imaging studies were selected according to the doctor's opinion. High-resolution TBCT imaging with a slice thickness of ＜1 mm was used. Temporal bone scanning was performed using the LightSpeed VCT 64-slice scanner (GE Medical Systems, Milwaukee, WI, USA) with the following settings: detector configuration, 2×0.625 mm; slice thickness, 0.625 mm; field of view, 160×160 mm; resolution, 150 mA (60 mAs), 120 kVp; reconstruction matrix, 512×512. Coronal images were reconstructed with a slice thickness of 1.0 mm. The width of the bony cochlear nerve canal (BCNC) was measured at its midportion using calipers. BCNC stenosis was defined as a BCNC diameter of 1.5 mm or less in TBCT. 9) MRI scans were performed on a 3.0T or 1.5T MRI system (Intera Achieva; Philips Medical Systems, Best, Netherlands) using a six-channel sensitivity-encoding head coil. All images were evaluated with a parasagittal 3D-driven equilibrium sequence perpendicular to the internal auditory canal (IAC). A targeted parasagittal scan perpendicular to the long axis of the IAC was obtained with a T2-weighted 3D turbo spin-echo sequence with a driven equilibrium radio frequency reset pulse following routine MRI sequences with spin-echo T1-and T2-weighted images. The imaging parameters for the 3D-driven equilibrium sequence were as follows: repetition time/echo time=1500/200 ms; 256 acquisition/256 reconstruction; 15-cm field of view; 1.5-mm section thickness; 0.75-mm overlap; number of acquisitions =2; and acquisition time ＜5 min. The presence of the cochlear nerve was observed on the parasagittal image of the middle of the IAC, using an automatic window-level setting. Cochlear nerve deficiency was considered if the cochlear nerve was not visualized in temporal MRI. All TBCT and temporal MRI results were reviewed by two otorhinolaryngologists, who were blinded to the subjects' information for consistency.
Statistical analysis
For statistical analysis, we used Origin software (OriginLab, Northampton, MA, USA). Differences of hearing thresholds between two groups (diagnosed etiology and unknown etiology) were evaluated using t-test. Age and hearing thresholds between groups were evaluated using 1-way analysis of variance. Gender and the number of patients with abnormality in imaging studies between groups were evaluated using Chisquare test. To find the optimal cutoff value of hearing threshold for abnormal findings in imaging studies, receiver operating characteristic (ROC) curve analysis was performed. The optimal cutoff was calculated by Youden's index. A p-value of ＜0.05 was considered statistically significant.
Results
Among the 89 children with USNHL, 21 underwent both TBCT and MRI, 51 underwent temporal MRI only, and 17 underwent TBCT only. The characteristics of the patients are shown in Table 1 . The hearing threshold of a normal ear was 10.0±6.9 dB in patients with TBCT only, 6.6±3.4 dB in patients with temporal MRI only, and 11.5±8.9 dB in patients with TBCT and temporal MRI. The hearing threshold of a diseased ear was 92.9±31.4 dB in patients with TBCT only, 78.2±28.8 dB in patients with temporal MRI only, and 81.5± 26.7 dB in patients with TBCT and temporal MRI. Table 2 lists all of the significant abnormalities identified on CT and MRI studies on patients with USNHL, according to imaging findings. Of the 89 patients, 20 (5 in TBCT only, 9 in TBCT and temporal MRI, 6 in temporal MRI only) showed abnormal findings identified on TBCT or temporal MRI. The most common abnormal finding (13 of 20 patients, 65%) was a narrow IAC, compared to a normal ear, identified on TBCT, or cochlear nerve aplasia on temporal MRI. Incomplete partition (20%), common cavity (10%), and labyrinthitis ossificans (5%) were observed.
Among 21 patients who underwent both TBCT and temporal MRI, 9 showed abnormal findings in TBCT or temporal MRI. One patient exhibited an IAC of normal width, identified on TBCT, but the cochlear nerve was not identified on temporal MRI. Re-review of TBCT images indicated a narrow BCNC (Fig. 1) . The other patients with cochlear nerve deficiency identified on temporal MRI had abnormal findings without visualization of the BCNC on TBCT. The number of patients who underwent both TBCT and temporal MRI showed high detection rate of abnormality which was statistically significant among three groups (p=0.012).
The number of patients with etiology confirmed using TBCT or temporal MRI was twenty patients. The hearing thresholds between the patients with abnormality and without abnormality were compared. The hearing threshold was 76.1±28.7 dB in the USNHL patients with normal findings on TBCT or temporal MRI, and 100.1±22.3 dB in the USNHL patients with abnormal findings on TBCT or temporal MRI (Fig. 2) . Statistically significant correlation was observed (Table 3) .
Discussion
The present study showed that the overall prevalence of abnormal imaging findings in TBCT or temporal MRI was 22.5% (20 of 89 patients) in children with USNHL. The prevalence of abnormalities identified by using TBCT was 36.8% (14 of 38 patients), and the prevalence of abnormalities identified by using MRI was 20.8% (15 of 72 patients) in children with USNHL. Studies have reported the prevalence of abnormal TBCT findings at 7 to 66.7%.
2,10-12) Simons et al. 11) reported that the prevalence of TBCT abnormalities was 35% (29 of 83 patients), and the prevalence of temporal MRI abnormalities was 25% (10 of 40 patients) in children with USNHL, which is comparable to the results of our study. Song et al. 12) reported that 93 of 322 (28.9%) children with USNHL were identified as abnormal in TBCT. Masuda reported a relatively high prevalence of inner ear or IAC malformations identified by TBCT in children with USNHL.
10)
The most common etiology of USNHL in children evaluated through imaging studies was abnormality of the cochlear nerve. Of the 20 patients with abnormal image findings, 13 (65%) exhibited a narrow IAC in the diseased ear, com- pared to a normal ear, identified on TBCT, or cochlear nerve deficiency on temporal MRI. Other studies have reported the prevalence of cochlear nerve deficiency at 18 to 73%. [13] [14] [15] [16] One patient showed discrepancy between normal IAC findings on TBCT and cochlear nerve deficiency on temporal MRI; however, despite the normal IAC finding, TBCT revealed a narrow BCNC. In addition, all the patients who exhibited cochlear nerve deficiency on temporal MRI showed a narrow BCNC on TBCT. Simons et al. 11) reported that among 33 patients with USNHL, in 2 cases abnormalities were seen only on MRI, not on TBCT. One of the cases was a hypoplastic eighth nerve, and the other was a brain tumor only identified on MRI. This study has the limitation of not considering the BCNC. The BCNC is the bone-covered route that passes from the fundus of the IAC to the base of the modiolus. Several studies have investigated the correlation of hearing level and dimensions of BCNC in bilateral/unilateral SNHL. Fatterpekar et al. 17) first reported that the length and width of the BCNC were significantly smaller in patients with congenital SNHL than in the control group. Jang et al. 18) also reported that the length and width of BCNC in the affected inner ears in USNHL patients were significantly smaller than contralateral inner ears in USNHL patients. In the present study, the patients with cochlear nerve deficiency identified on temporal MRI all exhibited a narrow BCNC on TBCT. This is consistent with recent studies reporting that BCNC stenosis with a diameter of 1.5 mm or less, as assessed using CT, suggests cochlear nerve deficiency or hypoplasia, as assessed using MRI. [15] [16] [17] [18] [19] Our study suggests that if temporal MRI is not performed, a narrow BCNC finding identified through high resolution TBCT can indicate cochlear nerve deficiency. Adunka et al. 20) also suggested that a narrow cochlear aperture can indicate hypoplasia or aplasia of the cochlear nerve. The present study showed that the children with etiology confirmed by imaging studies had significantly worse hearing levels in the diseased ear. And the cut-off value of hearing threshold for predictive probability for abnormal imaging studies is 101.7 dB in USNHL. Of the 20 patients with etiology confirmed by imaging studies, 13 exhibited cochlear nerve deficiency, including a narrow BCNC. Definite cochlear nerve deficiency might affect the severity of hearing loss. Wilkins et al. 21) showed a significant correlation between the degree of BCNC stenosis and the degree of hearing loss. The present study showed the high detection rate of abnormality in patients when using temporal bone CT combined with temporal MRI. It's ideal when two imaging studies performed, but high cost and sedation problem cannot be ignored in reality. We suggest that high-resolution TBCT should be performed in patients with USNHL as the initial study. During TBCT, the presence of a narrow BCNC as well as IAC should be checked for cochlear nerve deficiency. The algorithm for patients with USNHL is not established. The central nervous system disorder which is rare can be identified only on temporal MRI. If any neurological symptoms co-occur, MRI should be performed to rule out diseases of the central nervous system. Further investigation should be performed to identify the ideal imaging algorithm (the most effective imaging modality) in these children. Despite the sedation and rehabilitation problems with children, imaging studies in USNHL can yield information that is helpful in counseling patients and parents. Physicians can provide useful information about the etiology of USNHL for almost 26% of patients, and reassure the parents that USNHL is caused by an inner ear abnormality and determine whether it might affect the contralateral ear. Patients with anatomic abnormalities of the inner ear identified through imaging studies were associated with a higher degree of hearing loss than the patients with unconfirmed etiology.
In conclusion, abnormalities of the cochlea and cochlear nerve can be detected using imaging studies in approximately 25% of patients with USNHL. TBCT is likely to be adequate as the first imaging modality in all children with USNHL. And BCNC should be checked in TBCT. Therefore, we suggest that children should undergo TBCT after USNHL is confirmed through audiologic evaluation.
